the classical room temperature case but now modified by the inclusion of ion desorption coefficients for cryosorbed (physisorbed) molecules which can greatly exceed the coefficients for tightly bound molecules. The sojourn time concept for physisorbed H2 is generalized to include photodesorption and ion desorption as well as the usually considered thermal desorption. The ion desorption rate is density dependent and divergent so at the onset of instability the sojourn time goes to zero.
Experimental data are used to evaluate the H2 sojourn time for the conditions of the Large Hadron Collider (LHC) and the situation is found to be stable. The sojourn time is dominated by photodesorption for surface density s( H2) less than a monolayer and by thermal deposition for s(H2) greater than a monolayer. For a few per cent of a monolayer, characteristic of a beam screen, the photodesorption rate exceeds ion desorption rate by more than two orders of magnitude. The photodesorption rate corresponds to a sojourn time of approximately 100 sec. The paper next turns to the evaluation of stability margins and inclusion of gases heavier than H2 (CO, C02 and CH4) , where ion desorption introduces coupling between molecular species. Stability conditions are worked out for a simple cold beam tube, a cold beam tube pumped from the ends and a cold beam tube with a co-axial perforated beam screen. In each case a simple inequality for stability of a single component is replaced by a determinant that must be greater than zero for a gas mixture. The connection with the general theory of feedback stability is made and it is shown that the gains of the diagonal uncoupled feedback loops are first order in 1 the ion desorption coefficients whereas the gains of the off diagonal coupled feedback loops are second and higher order. For this reason it turns out that in practical cases stability is dominated by the uncoupled diagonal elements and the inverse of the largest first order closed loop gain is a useful estimate of the margin of stability. In contrast to the case of a simple cold beam tube, the stability condition for a beam screen does not contain the desorption coefficient for physisorbed molecules, even when the screen temperature is low enough that there is a finite swface density of them on the screen surface. Consequently there does not appear to be any particular advantage to operating the beam screen at high enough temperature to avoid physisorption. Numerical estimates of ion desorption stability are given for a number of cases relevant to LHC and all of the ones likely to be encountered were found to be stable. The most important case, a I % transparency beam screen at -4.2 K, was found to have a stability safety margin of approximately thirty determined by ion desorption of CO. Ion desorption of H2 is about a factor of eighty less stringent than CO. For these estimates the beam tube swface was assumed to be solvent cleaned but otherwise untreated, for example by a very high temperature vacuum bakeout or by glow discharge cleaning.
I. INTRODUCTION AND BASIC EQUATIONS
Following our previous analysis, 1 ,2 three equations are introduced to describe the evolution of H2 molecules in the beam tube of a superconducting proton collider, assumed to have energy high enough that synchrotron radiation desorption must be taken into account; e.g. the CERN Large Hadron Collider (LHC) with t = 10 17 photons/m/sec, Ecrit = 46 eV and radiated power per beam dPldz = 0.22 W/m.3 The fust equation describes the gas density (n) in the beam tube, the second the surface density (s) of physisorbed molecules and the third the isotherm density (ne) due to the physisorbed molecules. These are given by eqns. (1) 
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where T/j(mt,mj) is the ion desorption coefficient of molecular species mj by ion species mt and a pj (mk) is the proton ionization cross section for mk ..
From the form of eqn.
(1) we can define a generalized sojourn time "w due to thermal, photon and ion desorption of physisorbed molecules which is valid in the region of linear dependence of T/' and T/'j on s. It is given by;
For ion desorption instability initiated by physisorbed molecules the density n goes to infinity and the sojourn time to zero.
II. SOLUTIONS AND STABILITY BOUNDS
In this section we present the solutions and stability bounds to eqns. I to 3 for three interesting 
Eqn. 8 is similar to the classical room temperature ion desorption stability requirement discovered in the context of the CERN ISR many years ag0 9 but now augmented by the adsorption and desorption of physisorbed molecules. The stability requirement is equivalent to the statement that the net gain in production of neutral molecules by ionization, desorption and wall pumping must be less than unity. A feedback diagram illustrating the solution given by eqn. 6 is shown in Fig. 1 .
The loop gain G is (9) and G < 1 is required for a stable H2 density. Since ion desorption appears only in the denominator of eqn. 6 it behaves like an amplifier mUltiplying the other sources of gas that are present. For this reason ion desorption needs some other source of gas in order to come into play.
The surface density of physisorbed H2 builds up steadily according to eqn. 7 due to adsorption of the tightly bound hydrogen that has been desorbed by photon and ion impact. This eventually will lead to large increases in the density due to the 7)' and isotherm terms in the numerator of eqn. 6
and may destabilize the denominator. The stability requirement in eqn. 8 is independent of the sources of gas in the numerator of eqn. 6. Although we mainly have in mind situations where photodesorption is significant, eqn. 8 applies to any cold beam tube situation, in particular to regions where there may be a cold beam tube but no significant photon flux and therefore no beam screen -e.g. superconducting quadrupoles in a long insertion region straight section of LHC, the existing 1 TeV superconducting proton storage rings at FNAL and DESY etc .. In these cases one does not expect the surface density of physisorbed molecules to build up at a significant rate and the beam tube vacuum density should be very low.
The stability bound in eqn. 8 has been derived for a single component. As noted in eqn. 4, ion desorption has the interesting possibility of coupling molecular species. It is straightforward to work out the stability requirement for a multi-component gas mixture, e.g. A feedback diagram illustrating the solution for a two component H2, CO system is given in Fig. 2 . In addition to the fust order feedback loops for each species, there is now a second order loop coupling the two species. In the stability condition det(Ajk) > 0, the fust order loops are contained in the product of the diagonal elements and the second order loop in the product of the off diagonal elements. The three loop gains may be read directly from Fig. 2 A beam tube short enough that axial diffusion to the ends is significant will reach a steady state characterized by a constant surface density of physisorbed molecules and a balance between the desorption rate of tightly bound molecules and the quantity of gas pumped out the ends of the tube.
We assume that discrete pumping at ± LI2 is strong enough that the density at the ends is less than anywhere else in the tube. In this case the beam tube density is given by; 9 (12) and the surface density by;
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One can easily check that as ion desorption goes to zero, or A7Ji --7 00 , A7Ji Ac D e eqn. 12 goes over to the usual parabolic solution for a tube with a uniform gas source. From eqn. 12, the density in a beam tube short enough to have reached surface equilibrium due to pumping at the ends remains fmite only if the following inequality holds; or, 2 e AD TJ·[ < 1r _:.r::...
where C L = Ac D is the conductance of a tube of length L and radius rw. This is the same as the L stability condition ordinarily encountered in room temperature, conductance limited beam tubes, the reason for this being that the surface is in steady state and effectively not pumping. In the low temperature case considered here, even though there is a finite surface density of physisorbed molecules given by eqn. 10, TJ( and TJ' do not appear in eqn. 12 for density and TJ( does not appear in the stability condition. Furthermore according to eqn. 13 the equilibrium surface density is less in the presence of ion desorption than without it. We will meet this situation again in the cold beam tube with a screen. A feedback diagram similar to Fig. 1 applies with "1' i = 0 and 1luw5w replaced by n 2 CUL. The loop gain Gis;
n -L where according to eqn. 14, G < 1 is required for stability. The multi-component generalization of eqn. 14 may be worked out by introducing separate eqns. 1 and 2 for each molecular species and the ion desorption coupling term given by eqn. 4.
The equations are then Fourier transformed to convert the diffusion terms from differential to algebraic expressions, obtaining the following equation for each species mr; (16) where ii, is the Fourier transformed density. For stability the determinant of coefficients on the left side of eqn. 16 must not vanish. Small k or long wavelength reaches instability first. The longest permissible wavelength for a tube of length L is 2L. Inserting k = rciL in eqn. 16 then the condition for stability is det(Ajk) > 0 where;
and for j;ek,
Expressions analogous to eqns. 11 may again be written for the loop gains; for fust order
C. Beam tube with a beam screen·,
In this case the density is given by; (18) and the equation for surface density is exactly the same as ·eqn. 13. From the denominator of eqn. 18 we have the ion desorption stability condition;
Comparing eqn. 19 to the stability of a simple beam tube eqn. 8, the desorption coefficient 1]'i for physisorbed molecules no longer appears on the left side whereas on the right side the pumping speed of the entire wall awSw has been replaced by the conductance of the beam screen perforations which at most cover a few per cent of the wall surface. Again ion desorption behaves like a multiplier, increasing the density by a factor C I ( C -1]{ I C: i )) compared to what it would be in the absence of ion desorption.
As with the earlier cases, the stability condition for a multi-component gas mixture is replaced by a condition on a determinant, det(Ajk) > 0 where; =1-R(mj,mj) and for j4c,
The relationships between the loop gains and R(mk+,mj) matrix elements are the same as for the previously given cases.
III. NUMERICAL EXAMPLES OF BEAM TUBE H2 DENSITY AND SOJOURN TIME
In Fig. 3 we have plotted the solutions for H2 density for the three cases given by eqns. 6, 12
and 18 versus the integrated photon flux r. Ion desorption is neglected and this will be justified aposteriori below. These type of solutions have been described in detail previously.2 We deal with them briefly here to set the context for discussing ion desorption. For these calculations we have Before describing the solutions in Fig. 3 we remark that the desired vacuum limited luminosity lifetime in LHC of > 100 hrs. sets an upper bound on the average beam tube density of < 10 9 H2/cm 3 due to beam gas scattering. The local density limit < 3xlO lO H2/cm 3 is set by a requirement of less than 1 Wlm scattereil beam power absorbed in the magnet cryostats.
The solid line in Fig. 3 is the solution for H2 density for an infinitely long beam tube given by eqn. 6 and is the sum of the three labeled components due to (1) desorption of tightly bound H2, The question sometimes arises whether the beam screen can be left out of certain isolated sections, for example dispersion suppressors or interaction region quadrupoles, where the betatron function may be large and it is desirable not to increase the magnet coil aperture more than necessary. The deciding factor is the maximum locally scattered beam power that can be tolerated 14 and the answer depends on the details of photon intensity, the beam tube length and radius, and the magnitude of photodesorption coefficients for tightly bound molecules after reasonable beam conditioning. For the assumed conditions in the arcs of LHC and Fig. 3 , the maximum length tube that could be pumped from the ends is L ~ 5 m due to scattering by H2 alone. Including scattering by the other photodesorbed gases, primarily CO and C02, increases the H2 equivalent desorption coefficient of tightly bound molecules (and therefore the scattered beam power) by approximately a factor of ten. Other situations can be evaluated similarly when the details are specified.
In Fig. 4 we have plotted the sojourn time of a physisorbed H2 molecule given by eqn. 5 as a function of surface density s up to two mono layers. The three components due to (1) thermal desorption, (2) 
IV. NUMERICAL ESTIMATES OF ION DESORPTION STABILITY
MATRICES
In this section we give numerical estimates of ion desorption stability margins for cases that have practical importance for the LHC. Mainly the estimates will be restricted to the two component (H2,CO) system due to limitations of experimental data. This of course isn't accidental.
Hydrogen generally has the highest photon and ion desorption coefficients of all the gases. Carbon monoxide is next and allows estimating the effects of coupling and of a molecular mass heavier than hydrogen. The discussion follows the order of the previous section. We first evaluate the stability matrix given by eqn. 10 for the infinitely long cold beam tube approximation with the surface of the tube pumping. As we have seen in Fig. 3 , when synchrotron radiation is present at the expected intensity in LHC, photodesorption requires a beam screen or discrete pumping at rather short intervals. Consequently this case is mostly interesting for the initial exposure to photons, before the surface has reached a steady state due to beam screen or discrete pumping.
Furthermore, as we have seen in Fig. 5 The appropriate molecular velocity in the pumping speeds appearing in eqns. 10, 17 and 20 is the mean velocity of the molecules that have been desorbed by ion impact, whereas in the treatment given in Sec. I we have not kept track of the velocity of ion desorbed molecules compared to the non density dependent sources of gas in the numerators which initiate ion desorption. This is more or less intuitively expected, but will be demonstrated in Appendix I. However, since there is no experimental measurement of the velocity of molecules desorbed by ion impact, we will make the conservative choice of assuming it corresponds to the beam tube temperature. below.
A. Infinitely long cold beam tube approximation
In addition to the parameters given in the introduction to this section we give here the additional necessary information for the calculations in Table I 
B. Finite length beam tube with the surface in quasi equilibrium and pumped from the ends
In Table II we Tables lIa and lIb we use ion desorption coefficients for 200   eY ions and for Table IIc Fig. 3 implies that a beam screen is necessary for essentially any practical case one can imagine for LHC where a cold beam tube is exposed to the design photon intensity 10 17 photons/rn/sec. The room temperature case in Table lI 
C. Beam tube with a beam screen
The stability matrix eqn. 20 for a beam screen with 1 % effective transparency, radius rw = 2.3 cm and other parameters relevant to LHC is given in Table III . Det(l -R) = 0.96 is very close to unity so this case is stable. The second order closed loop gain G(H2,CO) = 2.5xlO-6 « I is a negligible contribution to det(l -R) compared to the diagonal first order loop gains. The safety margin is therefore again the inverse of the largest diagonal element, l/R(CO+ ,CO) = 28. The safety margin for H2 is approximately eighty times larger than for CO. Since it is unlikely that a second order loop would become unstable before a fust order loop, the most important matrix element missing from Table III is R(C02+ ,C02). We can estimate its importance from the magnitude of R(CO+ ,C02) which is less than half of R(CO+ ,CO). While C02+ may be somewhat more efficient desorbing C02 than CO+, the difference should not be large so it is reasonable to expect R(C02+ ,C02) is no larger than R(CO+ ,CO). In this case det(l -R) is reduced slightly to 0.929 but the safety margin is unchanged from Table III. 21
V. SUMMARY
In this paper we have presented an analysis of ion desorption stability in the beam tube of superconducting proton storage rings. Emphasis has been placed on situations where significant fluxes of photodesorbing synchrotron radiation are encountered in a cold cryosorbing beam tube, as in the arcs of the LHC under construction at CERN. The primary new feature compared to previous analyses is the presence of physisorbed gas on the beam tube which, depending on the surface concentration, can have extremely high ion desorption coefficients. A generalized sojourn time of physisorbed molecules was defined to include thermal desorption, photodesorption and ion desorption. The ion desorption rate is density dependent and divergent at the onset of instability causing the sojourn time to approach zero. Experimental data were used to evaluate the H2 sojourn time for the conditions expected in the LHC. This situation was found to be stable even for a relatively thick layer of physisorbed H2; for surface densities less(greater) than a monolayer the sojourn time was found to be dominated by photodesorption(thermal desorption). When photodesorbing radiation is present it is known that the surface density of physisorbed H2 must be held to a few per cent of a monolayer, for example by employing a beam screen, in order to hold beam gas scattering to a tolerable level. For surface densities less than about 80% of a monolayer the sojourn time was found to be dominated by photodesorption, independent of surface density and equal to approximately 100 sec. At the level of a few per cent of a monolayer encountered with a beam screen the mean desorption time of a cryosorbed molecule by ion impact was estimated to exceed 5x 10 4 sec.
The paper next considered the inclusion of gases heavier than hydrogen (CO, C02 and CH4), the development of stability criteria and the evaluation of stability margins. A margin of stability was defmed to be the factor by which the product of proton beam current and ion desorption coefficient would have to increase to cause an instability. Three interesting cases were treated: (I) a simple cryosorbing beam tube, (2) a cryosorbing beam tube pumped at the ends and (3) a 22 cryosorbing beam screen. For all three cases ion desorption of a single component led to a simple inequality that must be satisfied for stability. Physically ion desorption is a regenerative feedback process and the inequality required that the net gain in production of gas molecules by ion desorption be less than unity. For the first case the surface concentration of physisorbed molecules continually increases due to adsorption of the previously tightly bound molecules that are freshly desorbed by photons. In this case the stability criterion contained the sum of ion desorption coefficients of the physisorbed and the tightly bound molecules. The stability criterion requires that the ion desorption rate per gas molecule must be less than the cryosorption pumping speed onto the entire beam tube surface. For the second and third cases the surface concentration reaches a quasi steady state and the generation rate of fresh molecules by photodesorption is balanced by pumping out the ends of the tube or through the perforations in the beam screen. In these cases the stability criterion did not contain the ion desorption coefficient of physisorbed molecules, which even for small surface concentrations of a few per cent exceeds the coefficient for ion desorption of tightly bound molecules by one to two orders of magnitude. On the other side of the inequality there was a compensating decrease in pumping speed from the pumping speed of the entire beam tube surface to the conductance out the ends of the tube or through the perforations covering a few per cent of the beam screen surface. There would be no gain in stability margin if the temperature of the beam screen were increased to avoid physisorption so it appears that the beam screen temperature can be chosen mainly from the viewpoint of engineering convenience and requirements. In each of the three cases generalization from a single gas component to a gas mixture led to replacing the simple inequality by a condition that a determinant be greater than zero. The elements of the detenninant were shown to be a natural extension of the previous inequalities which now appear on the diagonal for each component. The off diagonal terms are due to ion desorption coupling of the molecular species. Because the gain of the off diagonal closed feedback loops is second or higher order in the ion desorption coefficients whereas the diagonal loops are first order, the stability detenninants tend to be dominated by the diagonal terms in practical situations. Then the inverse of the largest first order closed loop gain was claimed to be a useful estimate of the stability margin.
Generally there was only enough experimental information to evaluate the complete stability matrix for H2 and CO. However it was argued, for example on the basis of the magnitude of the (CO+, C02) ion desorption coefficient, that this was enough to be reasonably confident of stability predictions considering H2 and CO only.
The ion desorption stability matrices were evaluated numerically for the anticipated conditions of the LHC. In all cases the ion desorption coefficients were assumed to be characteristic of solvent cleaned but otherwise untreated metal surfaces. The ion desorption energy was taken to be 200 e V for the ions in the arcs and room temperature straight sections in the insertion regions. For the room temperature detector beam tube the ion energy at the IP was calculated to be 3.2 ke V for CO+ and 12 ke V for H2+, taking account of beam bunching. All of the cases examined were predicted to be stable with large stability margins except for one. The safety margin for a beam screen with 1 % transparency was found to be 28. A simple cryosorbing beam tube with a few per cent of a monolayer had a stability margin of 667. This case is applicable to a cryosorbing beam screen before the surface reaches a quasi steady state and to a cold beam tube without a beam screen and not exposed to significant photodesorbing radiation or other sources of physisorbed gas. The safety margin was also evaluated for two room temperature cases in LHC, since the derived formulas apply there as well, and found to be 16.7 for an insertion region straight section and 7.7
for the beam tube at the center of a pp detector. The only case found to be unstable was a cryosorbing beam tube with the surface in quasi equilibrium and pumped from the ends. In that case the stability margin for a 5 m long tube with radius 2.3 cm was found to be less than one.
Instability occurred in this case because of the very low conductance of the beam tube evaluated at 4.2 K. This case was evaluated for completeness and is not expected to be encountered in the LHC since a beam screen would ordinarily be in place in a region that would accumulate sufficient surface density to reach quasi equilibrium.
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VII. APPENDIX I: GENERALIZATION TO MULTIPLE VELOCITY COMPONENT GAS MIXTURES
In sections ill and IV we remarked that we have written equations with only a single velocity component characterizing each molecular species. In principle the mean velocity of molecules due to photodesorption, thenna! desorption and ion desorption can all be different. The single velocity appearing in the pumping speeds, conductances and diffusion coefficients in our equations can then be identified with the density weighted average of the component velocities.
[2] Here we want to keep track of the velocity of molecules desorbed by ion impact. Let subscript" I" designate photodesorbed tightly bound molecules, "2" photodesorbed physisorbed molecules, "3" thennally desorbed molecules and "4" ion desorbed molecules. For an example we treat the infinitely long beam tube case of Sec. ITA. The density equations for each component are:
The quasi steady state solution to eqns. A I is:
(A2)
As before ion desorption is equivalent to a multiplier of the density in the absence of ion desorption. Now however the multiplier contains the parameters specific to ion desorption and in particular the expression for the gain given by eqn. 9 appears with the molecular velocity explicitly identified as the velocity of molecules desorbed by ion impact.
VIII. APPENDIX 11: ESTIMATION OF THE IMPACT ENERGY OF IONS HITTING THE BEAM TUBE TAKING ACCOUNT OF PROTON BEAM BUNCHING
In the main text of the paper we have used ion desorption coefficients corresponding to the maximum ion energies expected in LHC due to acceleration in the space charge field of the beam.
In this Appendix we give the estimates of these energies that include taking account of beam bunching. The axial bunch profile is assumed uniform with length C1' and distance between bunches cT. The peak and time average beam currents are then related by j l' = IT . For LHC l' = 0.25 ns and T = 25 ns. Due to quadrupole focusing the area and the shape of the transverse cross section of the beam depend on position in the accelerator lattice and this can influence the magnitude of the electric field strength accelerating ionized gas molecules. Consider a transverse beam density distribution that is uniform inside an elliptical boundary. In that case it can be shown that: (1) the maximum magnitude of electric field strength is on the elliptical boundary, (2) the magnitude is constant on the boundary and (3), assuming constant cross section area, the maximum field strength is for ellipticity equal to one, or a circular boundary . integration. We will begin with the uniform profile and assume an ion is produced at the head of a bunch at radius r = a . The magnitude and duration of electric field strength and energy kick for the first bunch are then maximized. If we neglect ion motion during the passage of a bunch the radial position and velocity at the head of the n th bunch are;
For the calculations done below Eqn. A6 is a good approximation for all but the first bunch. The results of this Appendix have been used to specify the ion energy of the ion desorption coefficients. In all cases except the IP we have taken 200 eV. For the IP we take 3 keY, the maximum energy of the experimental ion desorption coefficient data. This corresponds closely to the energy estimated for CO+ but is considerably less than the 12 keY calculated for H2+ .
Experimentally the magnitude of ion desorption coefficients increases with energy but appear to roll off at 1 ke V and approach a nearly constant value by 3 ke V4 so we do not think a significant error is being made. 
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